In this paper we propose a multispectral image compression based on lossy to lossless coding, suitable for both spectral and color reproduction. The proposed method divides a multispectral image data into two groups, RGB and residual. The RGB component is extracted from the multispectral image, for example, by using the XYZ Color Matching Functions, a color conversion matrix, and a gamma curve. The original multispectral image is estimated from RGB data encoder, and the difference between the original and the estimated multispectral images, referred as a residual component in this paper, is calculated in the encoder. Then the RGB and the residual components are encoded by JPEG2000, respectively a progressive decoding is possible from the losslessly encoded code-stream. Experimental results show that, although the proposed method is slightly inferior to JPEG2000 with a multicomponent transform in rate-distortion plot of the spectrum domain at low bit rate, a decoded RGB image shows high quality at low bit rate with primary encoding of the RGB component. Its lossless compression ratio is close to that of JPEG2000 with the integer KLT.
INTRODUCTION
Multispectral images have been used mostly in remote sensing, but are also being extended to fields requiring high fidelity color reproductions such as tele-medicine and digital archive of artworks.
1 These multispectral imaging systems are valued because they offer improved color reproduction quality under arbitrary illuminant, as well as the two-dimensional spectral information useful for the image analysis. In response to the huge volume of multispectral images, many compression algorithms have been developed for efficient transmission and storage; yet most of these are in the field of remote sensing, and aim to preserve spectral accuracy and minimize the difference between the original and the reconstructed multispectral images. In, 2 that uses KarhunenLoeve transform (KLT) as the spectral transform, followed by two-dimensional wavelet transform as the spatial compression scheme. An anisotropic 3D wavelet transform is also applied to the multispectral data. 3, 4 However, in the applications that require high colorimetric accuracy, it is of vital importance to keep the difference between the original and reconstructed color images small. A significant contribution to multispectral imaging system was made by Keusen 5 and Hill. 6 In the proposed architecture, the spectral stimulus is expanded by a set of basis functions, and encoded as K-channel coefficients for the basis functions. The first three components of the encoded data correspond to the tristimulus values under a standard illuminant, and the remaining K − 3 channels represent invisible spectral components. As a multispectral image compression technique considering the colorimetric accuracy, a modified Karhunen-Lueve (KL) transform called weighted KL transform 7 was proposed and combined with the JPEG2000 scheme. has also been proposed as a method of based on the colorimetric accuracy. Labplus transforms the first three channel into CIE L * a * b * color space by nonlinear transform. For video compression, three methods that support multichannel images, MPEG4 studio profile, H.264/AVC, and Motion JPEG2000, were tested in. 10 The test included a coding method in which a multispectral image was converted into visible and invisible components, with the subsampling of chrominance signals. These methods are valuable for color reproduction applications, whose objective is to reduce the error in both color images and multispectral images under low bit rates. This paper presents a lossy to lossless compression for multispectral image, while keeping the quality of RGB image, which affords high-fidelity colorimetric reproduction. The whole point of our method is that a conventional RGB image appears early in a code-stream. As the RGB format, the sRGB 11 colorspace (compatible with ITU-R BT.709 as well) is used in this paper. A multispectral image is divided into two groups, RGB component and residual component, and these components are encoded by a seamless coding independently. The seamless method is based on wavelet-based coding with JPEG2000. The proposed method encodes the RGB component primary, this approach allows us to get high quality RGB image and not so much distortion in the spectrum domain.
CODING ALGORITHM

Calculation of RGB from MSI
The coding algorithm is illustrated in Fig. 1 . The RGB component is calculated from the original multispectral image (MSI) by using the CIE XYZ Color Matching Functions under the standard illuminant of D65. Before the calculation of XYZ, we estimate a real spectral refrectance from the multispectral data for natural color reproduction. The spectral reflectance f is obtained by Wiener estimation from the original multispectral data g, where the spectral sensitivity of the multispectral camera is used. A N-dimensional column vector g represents a multispectral data, and a L-dimensional column vector f represents a spectral reflectance, where N is the number of filters in multispectral camera, and L is the number of wavelength samples. The magnitude relation between N and L is N < L, let N = 16, L = 401 in this paper.
The transform coefficients g of f is
where H is a system matrix of a camera sensor. An estimatedf iŝ
where M is a L × N matrix. We use a Wiener matrix for M , which is described as
where R is a first-order Markov model of L × L matrix, H is a system model of N × L matrix, and N is a L × L noise matrix. The spectral spectral reflectance of natural objects can be well approximated by limited number of basis functions. Therefore, first-order Markov model R has been used to approximate ff T :
where ρ indicates the correlation between neghboring bands. It can well aproximate the covariance matrix of the original spectral reflectance when 0.95 < ρ < 1.
12
A three-dimensional column vector X represents a XYZ tri-stimulus as
where T is a 3 × L matrix of the XYZ color matching function, E is a L × L diagonal matrix of the spectral power distribution of an illumination. Let H = T EM be a forward color-matching-function. 
where, R, G and B are clipped into [0, 255]. The obtained RGB image is encoded loslessly with JPEG2000, which includes YCbCr color conversion.
Estimation of MSI from RGB
For the estimation of the original spectral image from the RGB values, we use Wiener estimation pixel by pixel. X is calculated from the inverse operation of Equation (7) and Equation (8) . The estimated original multispectral dataĝ is described asĝ
whereḡ is a mean vector of g. S is a N × 3 matrix, which is
Derivation of the matrix S is also ill-conditioned like that of M , and here a Wiener estimation for S is given by
where C g is a variance-covariance matrix of g. 
Coding of Residual
For further encoding of the spectral information, the spectral contribution by the RGB components is subtracted from the original multispectral image. We regard this difference as a residual; g −ĝ. Note that the residual consists of the same number of bands as the original. For the decorrelation in the wavelength axis of residual data, we use a reversible Karhunen-Loeve transform as the spectral transform, which is based on a single-row elementary reversible matrix (SERM) factorization. 13 A variance-covariance matrix of the original multispectral image is obtained in advance.
The coding block in Fig. 1 means to apply a seamless coding, each of the residual channel, which is obtained by reversible KLT, is encoded by JPEG2000. The first RGB values is losslessly compressed, while the residual values can be compressed from lossy to lossless. A progressive decoding is equipped with the losslessly encoded code-stream. The decoding scheme is the reverse procedure of the encoding.
EXPERIMENTAL RESULTS
For the following results, we use a multispectral camera with 16 narrow band color filters as shown in Fig. 2 . Fig. 3 shows test images that consists of 512 × 512 pixels with 16-bit dynamic resolution. The RGB image is encoded by LuraWave 14 software with LRCP (Layer, Resolution, Component, Position) progressive ordering. Each of the residual channel of the proposed method is encoded as a grayscale image with JPEG2000. JPEG2000 with a multicomponent transform (JPEG2000-MCT) is referred as a comparison. We use a matrix of reversible KLT for the multicomponent transform and LuraWave with LRCP progressive ordering for the bit-encoding. The proposal and the JPEG2000-MCT are applied with a lifting computation of the 5/3-tap reversible wavelet transform in the spatial domain. The estimation matrix and the reversible KLT require an additional information for decoding, but the additional code will be negligible in this paper because the bit rate amounts to only under 0.001 bpppb. Fig. 4 shows a rate-distortion plot against bit rate on the spectrum domain. Although the proposed method is inferior to the JPEG2000-MCT in the low bit rate, the proposed method is competitive to the JPEG2000-MCT in the high bit rate. The number one reason is probably that the proposed method encodes RGB components first of all and then moves into the coding of residual components after finishing the coding of RGB components. The sharp rise in the graph means a boundary between RGB and residual code-stream because the code-stream of less than 0.8 bpppb consists of only RGB components as shown in Table 1 . The graph suggested that RGB components can not contribute greatly to reduce the distortion in the spectrum domain. It would appear that 3 bands are not enough number of bands to estimate 16 bands in the low bit rate. We would like to focus on the resolution of this problem in the next section. On the other hand, the sharp rise at 0.7 to 0.8 bpppb is also considered to imply an effect of the primary component of the residual data. The significant residual data can be said to reduce the distortion rather than the insignificant RGB data.
Performance of Simple Decoding
In Table 1 , the performance of the proposed method at lossless bit rate is inferior as compared with that of the JPEG2000-MCT. The original multispectral image is divided into RGB components and residual components in the proposal, and the total number of the spectrum bands has increased from N to N + 3. The increase in the number of bands would cause an increasing number of the lossless bit rate. However, it could not be said that the difference of the lossless bit rate in the spectrum domain is a fatal in performance. The most valuable point of the Table 1 is a lossless bit rate of RGB data, which is one-eighth of the JPEG2000-MCT. In case that both lossless RGB data and lossless spectral data are required, the proposed method can provide both of the data at 7.179 bpppb but the conventional JPEG2000-MCT requires 0.784 + 6.820 = 7.604 bpppb. Fig. 5 shows a rate-distortion plot against bit rate on the RGB domain. The PSNR is infinity when lossless compression is performed in the graph. The proposed method encodes RGB component with high priority, the RGB image can be decoded with small distortion at low bit rate. In comparison, both the lossless bit rate and the distortion of the JPEG2000-MCT are inferior as compared with the proposed method. It would appear that the RGB component is scattered all around the code-stream in the case of JPEG2000-MCT.
The comparison of decoded MSI is shown in Fig. 6 . We choose 3 points in the image (a) and observe 4 conditions, original, 0.1, 0.7 and 1.0 of the total bit rate. The first remarkable point is that the decoded MSI at 1.0 bpppb which includes about 0.2 bpppb residual data is almost identical to the original form. As mentioned earlier, residual data can contribute greatly to the improvement of the spectrum distortion. As another point to be focused, in the decoded MSI at 0.7 bpppb estimated from only the RGB data, the approximation accuracy of the spectrum varies depending on color. The shape of the spectrum in the background is closer to the original, but the shape in the colorful area is not improved compared with 0.1bpppb. An increase in RGB data moves the estimated MSI close to the MSI reconstructed from lossless RGB data, but not to the original MSI.
Performance of RGB Lossy Decoding
The ineffective improvement of spectrum distortion while decoding of RGB components is a problem that needs to be solved, as seen in Sec. 3.1. For more improvement of the distortion, it is considered that the residual decoding should be started at earlier time. We propose one of the solutions for this problem and show 2 progressive orders in Fig. 7 , "Lossless RGB mode" and "Lossy RGB mode". Note that the meaning of "Lossless" and "Lossy" is in only decoding. An encoded code-stream includes full of RGB code-stream in both modes. The "Lossless RGB mode" means the simple decoding as shown in Sec. 3.1. The "Lossy RGB mode" is a new progressive order, which is based on a concept that the residual decoding is conducted ahead of the decoding of an insignificant RGB data. Although this mode can not provide a lossless RGB image, the spectrum distortion at low bit rate is expected to improve. Fig. 8 shows a rate-distortion plots against bit rate on the spectrum and the RGB domain. The test image is used the same one in Fig. 3 (b) . Consequently, the plots of "JPEG2000-MCT" and "RGB Lossless" in Fig. 8 are the exact same line in Fig. 4 and Fig. 5 . Fig. 8 (a) indicates that the lossy RGB mode allows to reduce the spectrum distortion in the low bit rate because the residual decoding is started earlier than the lossless RGB mode. The plots show a clear improvement at the timing of adding residual data. The result means that the significant residual data can greatly reduce the spectrum distortion even if the RGB data is not fully decoded. From a practical perspective, the lossy RGB mode should be used to reduce the spectrum distortion in case that a system does not require a precise RGB image. By contrast, the RGB distortion increases because of the truncation of the RGB code-stream as shown in Fig. 8 (b) . The lossless RGB mode should be used when a precise RGB image is required.
The reconstructed spectra are shown in Fig. 9 . For the comparison between Fig. 9 (a) and Fig. 6 (c) , the curve of the 0.7 bpppb is moved closer to the original by limiting the RGB bit rate. However, Fig. 9 (b) does not show the same trend as Fig. 9 (a) . The result indicates that it is hard to converge the decoded spectrum to the true value because of the lack of RGB data. It is deemed desirable to use RGB 0.6 bpppb mode in the case not only for a precise RGB image, but also a precise reduction of spectrum at higher bit rate.
CONCLUSION
We have presented a lossy to lossless compression for multispectral image, while keeping the quality of RGB image for color reproduction. A compressed bit-string consists of RGB component and residual component, and the RGB components meet a requirement for sRGB and ITU-R BT.709. We estimate an original multispectral image from the RGB component on the encoder, and the difference between an original multispectral image and an estimated multispectral image is defined as the residual component. JPEG2000 with a multicomponent transform is used as a bit-coding of residual component. The proposed method is competitive to JPEG2000-MCT at high bit rate in the spectrum domain. Experimental results in the RGB domain, excellent performances of the proposed are shown with respect to lossless and lossy bit rate.
